1. Background {#section0005}
=============

Acute respiratory tract infections (ARTIs) are the leading cause of morbidity in young children[@bib1] and may become one of the five most common causes of mortality in adults and children.[@bib2] Causality is often attributed to the first detection[@bib3] of one of a select group of viruses which include human respiratory syncytial virus (HRSV), metapneumovirus (HMPV), parainfluenza viruses (HPIVs) and influenza A viruses (IFAV). When assayed, human rhinoviruses (HRVs) are frequently detected in ARTIs[@bib4] often leading to confusion when the high total number of HRV co-detections is assumed to equate to an equally high proportion of HRVs in co-detections with other "respiratory viruses". Symptomatic HRV infections are associated with the common cold syndrome and episodic expiratory wheezing early in life.[@bib5], [@bib6], [@bib7] Despite this, many relevant studies still do not include them during virus screening. Exposure to HRV strains begins early and continues throughout life. Unsurprisingly, the impact of HRV infections on healthcare expenditure is also significant[@bib8], [@bib9] as is their broader role within the hygiene hypothesis. Frequent, mild infections by HRVs may be a major factor in the maturation of a robust innate and acquired antiviral immunity[@bib10] perhaps through the apparently unmoderated HRV activation of the antiviral state.[@bib11]

Specific patterns have been ascribed to the seasonal and annual variations in respiratory virus epidemics with interference between viruses being a suggested reason for peak fluctuations.[@bib12], [@bib13], [@bib14] Interference may be a biological feature of RNA virus infections but for HRVs it was once exploited on a small scale as an *in vitro* diagnostic tool, whereby successful experimental HRV infection of organ cultures was indicated by blockading the replication of other, subsequently inoculated, respiratory viruses.[@bib15] However, because HRVs have been infrequently included in diagnostic testing panels, it is difficult to identify whether an interference effect may be acting on the epidemic patterns of other viruses. Recent identification of new diversity within the HRV super-group[@bib16], [@bib17], [@bib18], [@bib19] has made study of these poorly characterized pathogens a particular priority.

We used statistical approaches to test the hypothesis that patterns of virus detection, whereby some viruses are more or less likely to concurrently occur, are commonplace, particularly when the HRVs are involved.

2. Methods {#section0010}
==========

2.1. Clinical specimens and testing {#section0015}
-----------------------------------

Clinical specimens (*n*  = 1247; 95% nasopharyngeal aspirates) were predominantly from children (59% male) with symptoms of ARTI who presented to hospitals or to general practitioners in Queensland, Australia, during all seasons of 2003.[@bib17] Nearly half the specimens (537, 43%) were from infants 0--1 year of age. Proportions of specimens from toddlers (1--2 years), children (2--14 years) and adults (over 14 years) were 19%, 22% and 16% respectively. Median and interquartile ranges for age were 1.32 and 0.5--4.3 years respectively.

To obtain a preliminary gauge of the impact of HRV detection as a cause of presentation to a hospital or clinic, HRV-positive individuals were classified according to whether they presented with upper or lower respiratory tract illness (URTI, *n*  = 69 or LRTI *n*  = 154). Those with chronic illness or with immunocompromise were excluded from classification.

As previously described,[@bib16], [@bib20] specimens were screened using uniplex and multiplex conventional and real-time PCRs for 17 viruses or virus groups.

2.2. Statistical analyses {#section0020}
-------------------------

Where co-detections occurred, association between virus pairs was considered using 2 × 2 contingency tables with Fisher\'s exact test. Odds ratio (OR) and 95% confidence interval (CI) for the likelihood of co-detection were calculated ([Table 1](#tbl1){ref-type="table"} ). Additionally, the observed number of co-detections of any particular pair was compared with the expected number of co-detections using the exact binomial test ([Table 2](#tbl2){ref-type="table"} ). The expected number of co-detections was calculated as the product of prevalence of the two viruses in the study specimens multiplied by the number of specimens. Where a significant association was detected and the number of co-detections was \>2, the effects of other selected viruses, adjusted for season (winter set as reference season), gender, age group (infant set as reference group) and their interactions, were examined using a separate logistic regression model with backward selection for each outcome (virus test) of interest. Results are presented as ORs with 95% CIs ([Table 3](#tbl3){ref-type="table"} ). Differences in age according to number of co-detections and detection of HRV were compared using the Kruskal--Wallis test. Significance level was set at *p*  = 0.05.Table 1Measures of association between virus pairs where co-detections occurred as determined by 2 × 2 contingency tables with Fisher\'s exact test.HAdVHCoVIFAVHBoVHEVHMPVHRSVHRVKIPyVHPIVWUPyVTotal detections315434101156771331303634Single detections number (% of total)16 (51.6%)39 (72.22%)25 (73.5%)39 (38.6%)7 (46.7%)51 (76.1%)51 (71.8%)250 (75.5%)12 (40%)32 (88.9%)9 (26.5%)Co-detections number (% of total)15 (48.4%)15 (27%)9 (26.5%)62 (61.4%)8 (53.3%)16 (23.9%)20 (28.2%)78 (23.6%)18 (60%)4 (11.1%)25 (73.5%)  HAdV0.500.670.121.00000.060.07**\<0.0001**1.000.401.000.36, 0.05--2.701.29, 0.29--5.632.00, 0.87--4.610.63, 0.04--10.760.13, 0.01--2.190.12, 0.01--2.050.18, 0.07--0.470.69, 0.09--5.230.26, 0.02--4.300.60, 0.08--4.550HCoV0.101.000.620.15**0.02\<0.0001**0.160.060.100.15, 0.01--2.520.96, 0.44--2.100.35, 0.02--5.930.32, 0.08--1.340.14, 0.00--0.870.09, 0.03--0.220.17 0.01--2.870.14, 0.01--2.370.15, 0.01--2.52IFAV0.461.000.56**0.04\<0.0001**1.000.251.000.52, 0.16--1.740.57, 0.03--9.760.54, 0.13--2.300.11, 0.00--0.920.06, 0.01--0.240.62, 0.08--4.720.23, 0.01--3.9070.54, 0.07--4.10HBoV0.49**0.0060.004\<0.0001**0.440.34**0.01**0.38, 0.05--2.300.240.07--0.770.22, 0.07--0.720.40, 0.26--0.631.41, 0.56--3.540.49, 0.15--1.622.85, 1.34--6.04HEV1.000.400.450.511.000.550.63, 0.08-4.840.26, 0.01--4.380.65, 0.23--1.861.52, 0.19--11.9490.54, 0.03--9.181.32, 0.17--10.38HMPV**0.0006\<0.0001**0.35**0.04**0.560.06, 0.003--0.880.10, 0.04--0.210.29, 0.04--2.200.11, 0.00--0.740.54, 0.13--2.30HRSV**\<0.0001**0.55**0.02**0.160.17, 0.09--0.3381.29, 0.44--3.810.11, 0.00--0.690.24, 0.032--1.78HRV**0.03\<0.0001**0.300.41, 0.18--0.910.03, 0.003--0.190.68, 0.34---1.37KIPyV0.400.060.27, 0.01--4.453.07, 1.00--9.38HPIV1.000.51, 0.07--3.858WUPyV[^1]Table 2Observed frequency compared with expected frequency of virus co-detections using the exact binomial test.HAdVHCoVIFAVHBoVHEVHMPVHRSVHRVKIPyVHPIVWUPyVHAdV0.530.380.151.000.090.09**0.003**1.000.281.001/32/18/50/10/30/35/161/10/21/1HCoV0.121.000.650.19**0.03\<0.0001**0.120.120.120/38/90/12/51/65/270/30/30/3IFAV0.51.000.78**0.04\<0.0001**1.000.281.003/50/12/30/42/171/10/21/2HBoV0.73**0.010.010.004**0.480.5**0.02**8/53/113/1032/516/53/511/5HEV1.000.650.850.481.000.141/10/16/71/21/10/1HMPV**0.001\<0.0001**0.57**0.04**0.20/77/341/30/42/3HRSV**0.001**0.56**0.02**0.212/364/30/41/4HRV0.12**\<0.0001**0.549/151/1814/17KIPyV0.65**0.04**0/14/1HPIV1.001/2WUPyV[^2]Table 3Eleven regression models examining factors that modify the probability of a positive test to other viruses.Outcome of interestFactors[a](#tbl3fn1){ref-type="table-fn"}*p* \< 0.05ORCI*p*-valueHBoVHRV0.430.27--0.680.0003Autumn0.250.10--0.600.0003Toddler**1.78**1.11--2.850.02HMPVHRV0.100.04--0.22\<0.0001ADVHRV0.180.07--0.470.0005IFAVHRV0.060.01--0.240.0001Child**2.40**[b](#tbl3fn2){ref-type="table-fn"}1.12--5.100.02HPIVHRV0.020.00--0.140.0001Spring**7.25**2.34--22.110.0005Summer**8.78**2.50--30.940.0007Autumn**5.85**1.57--21.810.008HRSVHRV0.170.08--0.33\<0.0001spring0.110.05--0.27\<0.0001Summer0.050.01--0.340.003Toddler0.500.25--0.960.04Child0.100.03--0.340.0002Adult0.350.13--0.980.04HCoVHRV0.090.030.22\<0.0001KIPyVHRV0.430.19--0.950.04Child**2.25**1.02--4.950.04HBoVHRSV0.230.07--0.760.02Autumn0.230.09--0.570.002Toddler**1.77**1.11--2.820.02HBoVHMPV0.230.07--0.770.02Autumn0.220.09--0.550.001Toddler**1.78**1.11--2.830.02HBoVWUPyV**2.66**1.25--5.700.01Autumn0.230.09--0.570.001Toddler**1.80**1.12--2.860.01[^3][^4]

In accordance with the recommendation of Rothman[@bib21] no post-hoc adjustment for multiple comparisons was performed.

3. Results {#section0025}
==========

The 17 viruses sought[@bib16], [@bib20] included some (human bocavirus, HBoV, and the polyomaviruses, KIPyV and WUPyV) with unclear aetiologies in the respiratory tract. In 660 of the specimens (52.9%), at least one virus was detected ([Fig. 1](#fig1){ref-type="fig"} ).Fig. 1Distribution of viral detections. Bold type indicates the number of viruses detected in each of the 1,247 specimen extracts. Co-detections of two or more viruses occurred in 131 of the 660 (20%) specimens in which a virus was detected.

HRVs were the most commonly detected virus group ([Table 1](#tbl1){ref-type="table"}; HRV primers from Arola et al.[@bib22], [@bib23]) and were involved in the highest total number of co-detections, being found with another virus in 78 specimens (23.6% of HRV detections). However, a higher proportion of HBoV, HRSV, human adenovirus (HAdV), human coronavirus (HCoV), human enterovirus (HEV) and PyV positives were involved in co-detections (29.6% to 73.5%; [Table 1](#tbl1){ref-type="table"}). There was no difference in age among the patients either according to number of co-detections (*p*  = 0.27) or whether or not an HRV was present (*p*  = 0.20). There was no difference in the proportion of co-detections involving an HRV according to presentation with URTI or LRTI (*p*  = 0.34).

There was a consistent pattern of HRV detection associated with a reduced likelihood of co-detection with a number of other viruses. Both the univariate contingency table analyses and multivariate logistic regression analysis showed similar trends ([Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"}). For example, from [Table 1](#tbl1){ref-type="table"}, an HRV detection resulted in a reduced likelihood of co-detecting eight viruses or virus groups (HAdV, HCoV, IFAV, HBoV, HMPV, HRSV, HPIV or KIPyV) as reflected by an odds ratio (OR) of \<1. HRSV was involved with six negative associations, HMPV and HBoV with four and HPIV with only three. Of these, all are RNA viruses except HBoV. HRSV and HMPV exhibited different association patterns despite shared genetic features and clinical impact. HRSV, HMPV and HPIV did not occur together in our specimen set. The only positive association to reach significance was the pairing of HBoV and WUPyV.

Eleven virus pairs (models) were selected for logistic regression analysis ([Table 3](#tbl3){ref-type="table"}). All models were consistent with results from the univariate analyses, but some added information relating to season and age group. For example there was a reduced likelihood (OR \<1) of an HBoV detection among toddlers, during autumn or if an HRV had been detected.

To investigate whether a particular HRV strain or group of strains drove the trends we observed, we randomly selected 10% of HRV PCR-positive specimens and sequenced a portion of the 5′ untranslated region.[@bib24] Nearest matches by comparative BLAST analysis indicated both classic and novel strains of HRV species A (HRV-78, 82, 49, 94, 44, 29, 65, 19, 56, NAT040, NAT049), only a few from species B (HRV-6, NAT066) and strains belonging to the putative new species, HRV C (similar to HRV-QPM,[@bib17] QPID03-0013,[@bib16] QPID03-0009, HRV-C024,[@bib18] HRV-C025, NAT083[@bib19] and Antwerp HRV strains[@bib25]).

4. Discussion {#section0030}
=============

Our hypothesis was supported by the finding that detection of HRV RNA in particular, but also that from HRSV and HMPV, are often associated with reduced co-detection of other respiratory virus RNA/DNA in statistically significant patterns. Our analyses showed similar patterns of virus association irrespective of which comparison method was used, notwithstanding minor variations in the *p*-values.

This is the first detailed analysis of respiratory virus co-detections among a comprehensively tested collection of specimens. Historically, a belief in the elevated involvement of HRVs in co-detections with other viruses in ARTI has been based solely on the high overall number of HRV detections and has provided a reason to diminish the causal role of HRV infections in clinical outcomes other than the common cold[@bib26] despite evidence to the contrary.[@bib27], [@bib28], [@bib29] Our findings, which dispute these superficial observations, indirectly indicate an aetiological role for HRVs and are supported by examples from the literature. In a study of infants, HRV strains were co-detected in only 65% of instances compared to 80% of HRSV detections.[@bib30] Among children, more than one third of HPIV, HMPV, HCoV-NL63 and HAdV positives were involved in co-detections whereas only 17% of picornaviruses were detected with another virus.[@bib31] Our observations are consistent with the findings of Brunstein et al. who identified significant associations between some viruses in the respiratory tract.[@bib3] However that study observed an unusually low frequency of HRV detection compared to ours, possibly due to the oligonucleotides they employed or their use of a multiplex PCR method which may have been adversely affected by the competitive amplification of multiple templates. Additionally, the study only collected specimens across a 4 month period compared to the 12 month period of our observations.

Some have ascribed the increased frequency of viral co-detection to simple coincidental overlap of epidemic seasons[@bib32] however our analyses indicate that these associations do not occur by chance, suggesting more complex mechanisms are responsible. HRVs are considered to mediate illness through immunological rather than cytopathic mechanisms. HRV replication, as for HRSV and IFV, produces double-stranded RNA (dsRNA) replicative intermediates[@bib33]; molecules which mediate triggering of interferon (IFN)-stimulated genes inducing an antiviral state.[@bib11], [@bib34], [@bib35] It is possible that one mechanism behind the putative interference patterns we observed, strongest for HRVs but also in action among other viruses, may have been related to this innate IFN response which shields neighbouring cells from viral infection. Interestingly HCoV, IFAV, HEV and HPIV are also RNA viruses, but they had only 2, 2, 0 and 3 negative associations, respectively, compared to 3 for HBoV, a DNA virus ([Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}), indicating that negative associations were not determined by nucleic acid type alone. Based on the literature available, there are no clearly defined mechanisms whereby HRVs antagonise the IFN cascade, indirectly apparent from the large body of literature describing their efficient induction of IFN and associated cytokines[@bib36], [@bib37], [@bib38], [@bib39], [@bib40]; unusual among viruses and a possible reason for the scale of the statistical patterns we observed. Additionally, the IFN-antagonizing mechanisms employed by other viruses[@bib41], [@bib42] may inadvertently permit higher frequencies of co-infection via attenuation of the innate response. A weak or absent IFN-antagonistic mechanism should generally result in the rapid suppression of HRV replication. This is not the case for asthmatic individuals because of diminished innate[@bib43], [@bib43] and acquired[@bib44] antiviral defences resulting in more infections[@bib45] with higher HRV viral loads[@bib36] for longer periods associated with more severe symptoms.[@bib43], [@bib46]

In addition to the features we have examined, the local climate, reduced social cohorting (such as seen during holiday periods), immune status, co-morbidities and the urbanization of the population under study could bias the results. We did not seek the contribution of bacteria since it is difficult to distinguish a pathogenic versus colonizing role in the upper airways. Also, our study sample was drawn from individuals ill enough to require medical care and laboratory testing of nasopharyngeal specimens. This sample is not representative of the general population although it is drawn from it. The contribution of as yet unidentified respiratory viruses could not be gauged and furthermore, as with any PCR-based method, it was impossible to state that every possible strain of each target virus was detected. Nonetheless, in our hands the HRV assay[@bib22] successfully detected many strains from HRV A, B and the proposed C species.[@bib18], [@bib47] Our observations require confirmation in other data sets, particularly across multiple years to account for the contribution of those viruses which were not epidemic in Queensland during 2003.

The patterns we report hint at a previously unrecognised aspect to HRV infections; the possibility of a leading role *in vivo* in interference with other virus detections. In light of this, we have formulated a new hypothesis, that HRV infection can protect its host from infection by other, often more cytopathic, viruses. We could not address the order of infection by the viruses detected here but future epidemiological studies should prospectively enrol and sample subjects regardless of symptomatic context, for at least 12 months, screening for all known respiratory viruses using PCR. If our new hypothesis is correct, serial sampling and testing will find that immediately after an HRV infection in the immunocompetent host, there is a period of time during which subjects are refractory to the acquisition of another respiratory virus. Such investigations should continue to find that proportionately, co-detections involving other virus pairings are relatively more prevalent.

While there are no HRV vaccines on the horizon, we suggest that any such prophylaxis could withdraw a valuable natural moderator of other viral infections, potentially leaving the individual at greater risk of clinically severe infections by more cytopathogenic viruses. Meanwhile, anti-picornaviral drug development is an active research area and while such compounds are not usually administered early enough[@bib48] to stop sufficient viral replication and interrupt immune engagement, they still reduce viral load and symptom severity,[@bib49] of particular benefit for wheezing exacerbations triggered by HRV infections. Our data are also interesting in the context of recent claims that HRVs may contribute to the spread of pandemic influenza through the mechanism of increased coughing and sneezing with subsequent increased aerosol spread of influenza virus.[@bib50] We suggest that acquisition of an HRV infection may paradoxically provide a natural protection against influenza infection.
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[^1]: Probabilities of association by chance (*p*-values) are shown above the corresponding OR and 95% CI for each pair. Figures indicating significant associations (*p* \< 0.05) are shown in bold. The number of each virus detected (*n*) is shown along the top. The total detections of each virus are divided into whether they occurred by themselves (single detections) or concurrently with one or more other viruses (co-detections; (\> = 2 detections in one sample).

[^2]: Probability (*p*-values, significant associations, *p* \< 0.05, shown in bold) of the observed number of co-detections compared with the expected number of co-detections, based on the expected frequency of co-detections were calculated as prevalence of first virus x prevalence of second virus. Observed/expected.

[^3]: Adjusted for gender (male is reference category), season (winter is reference category) and age group (infant 0--1 years (reference category), toddler 1--2 years, child 2--14 years).

[^4]: Significant positive associations are shown in bold.
